Abstract: Based on the reconstruction-equivalent-chirp technique and tuning only by the injection current, a multisection DFB tunable laser is demonstrated experimentally. At the temperature of 20°C, each laser can be tuned at about 3.4-3.6 nm with a side-mode suppressing ratio (SMSR) of over 35 dB from 30 to 170 mA, and the tuning speed is about 10-30 ms, which is much faster than that by the thermoelectric cooler. The results may help to realize very low cost tunable lasers in the future.
Introduction
The wavelength-agile laser has a wide usage in reconfigurable optical networks, wavelength division multiplexing (WDM) systems, and optical wavelength switching systems [1] . In the early days, researchers used the external-cavity structure to achieve a wavelength tunable laser [2] , but now, integrated devices are more favorable for their compact size and high reliability. To achieve an integrated tunable laser, several approaches have already been demonstrated, such as sampled grating distributed Bragg reflector (SG-DBR) lasers [3] ; super-structure distributed Bragg reflector (SSG-DBR) lasers [4] , [5] ; tunable distributed amplification (TDA) lasers [6] ; multi-wavelength laser arrays (MLA) [7] , etc. However, the available integrated tunable semiconductor laser is still high in price currently, and the realization of some promising technologies in next-generation optical communication networks, such as wavelength division multiplexing passive optical networks (WDM-PON), are in great demand of very low-cost tunable lasers, which are still unavailable in present time.
To reduce the cost of the tunable lasers greatly, the chip structure, fabrication, package and the tuning algorithm should be simple enough. MLA is a simple and direct approach for a tunable laser. It integrates many lasers of different wavelengths in one chip and by turning on specific laser, its output wavelength can be changed according to requirements. By using =4 phase-shift distributed-feedback (DFB) lasers, such a tunable laser has the distinct advantage of very good single-mode performance and mode stability over a long time. In our former works, reliable and low-cost MLAs have already been demonstrated by reconstruction-equivalent chirp (REC) technique [8] - [12] ; therefore, it is convenient to apply this REC technique into low-cost tunable lasers. To put down the cost of the MLA-based tunable laser further, special design features have been taken in our previous works. One feature is using an in-line structure instead of the parallel array structure [13] . An in-line arrangement of multi-wavelength lasers needs no combiner components, which are usually used in MLA packaging to combine the output light of different lasers into one output port. It simplifies the packaging greatly and further reduces the cost. This design is then developed into a multi-wavelength laser matrix structure in later works [14] . Besides, in our previous works on in-line lasers and multi-wavelength laser matrix, temperature tuning was also employed to achieve continues wavelength tuning in MLA-based tunable laser modules. This temperature tuning was realized by thermal-electric cooler (TEC) component. However, although the TEC component provides a controllable wavelength tuning, it has a major setback that the channel switching speed is relatively slow. The maximum channelswitching time can be tens of seconds. It is well-known that the applied driving current of the semiconductor laser has a heating effect, so the temperature tuning of the DFB laser can also be achieved by varying the injection current [15] . Such tuning method is less complex compared to a TEC-temperature tuning scheme, and its tuning speed can be increased. However in an in-line structure, for the waveguide is shared by lasers with different DFB gratings, there will be interference when the wavelength of the current-tuned laser moves into the stop-band of its neighboring lasers. The side-mode suppressing ratio (SMSR), which indicates whether the laser has a single-mode output, can be lowered by such interference. Therefore, it is necessary to find out whether this will happen in this low-cost multiple in-line lasers during current tuning. In this work, we further prove a tunable laser tuned only by changing the injection current. A continues wavelength tuning is achieved and the laser maintains a good single mode property during the tuning. This provides a simple and faster tuning solution, and can be further used to obtain in-line MLA-based tunable lasers without TEC components. It is a potential low-cost, wavelength-agile light source for next-generation optical communication networks.
Principle and Experimental Details
In the REC technique, sampling Bragg gratings are used [9] , [10] . The refractive index modulation of a sample grating can be expressed as
where Án is the refractive index modulation of the seed grating, F m is the mth Fourier coefficient that corresponding to the mth order modulation of the sampling structure, P is the period of the sampling structure, and Ã is the period of the seed grating. In (1), one item corresponds to one certain sub-grating. Usually, in REC technique, +1st or −1st order sub-grating is used to obtain a laser resonant for they have the highest coupling coefficient among all sub-gratings. Here we consider the +1st sub-grating. For a tunable laser working at communication frequency band around 1550 nm, Ã in (1) is about 250 nanometers, and P is about a few micrometers. For a given uniform seed grating with period of Ã, the equivalent grating period can be manipulated by changing the sampling period P 1 , P 2 , P 3 (see Fig. 1 ), which is a key concept to make a multiwavelength array. Fig. 1 shows the in-line arrangement of multi-wavelength lasers with monolithic integrated semiconductor optical amplifier (SOA), and in this structure, the wavelength spacing of neighboring lasers should both be covered by the tuning range of its element laser, and meanwhile, keep the lasers sharing one waveguide from interference with each other. The simulated transmission spectrums of the gratings in the 3-wavelength array are shown in Fig. 2(a) . The method used for simulation is transfer matrix method (TMM) and the main parameters used in the simulation are shown in Table 1 . The 0th order responses of all three element lasers are exactly the same because it is the response of the seed grating, which is the same in all element lasers. Fig. 2(b) shows the +1st responses of all element lasers, which are employed to establish a laser resonance. Due to the different sampling periods, the resonant wavelengths of these element lasers are different. In an in-line structure, the wavelength spacing between the lasers should be large enough to keep ones resonant peak outside the others stop-bands. Here, the proper wavelength spacing value between neighboring lasers needs to be large than 3.2 nm according to the simulation result shown in Fig. 2(b) .
A microscope image of an in-line tunable laser is shown in Fig. 3 .The length of each element laser is 400 m and an interval section of about 50 m is used to make each laser be isolated
electrically. An SOA is integrated monolithically at the very front of the tunable laser. The front end of the chip is tilted with an angle of about 10°to suppress the F -P resonance in the tunable laser, and both the front and rear facets are anti-reflection (AR) coated. The total length of this The laser chip is placed on a copper stage which is not temperature controlled by TEC controller. So the stage itself is at the room temperature when there is no heating effect. In the test, the injection current of the integrated SOA is kept 40 mA during the whole testing procedure. The driving current of all element lasers are varied from 30 mA to 170 mA, and the corresponding laser wavelength at different driving current is recorded. One thing should be noted that when laser 2 or 3 is working, lasers in front of it needs to be applied a small injection current to reduce the resonant absorption and compensate other loss. The current is about 25 mA in the test.
The wavelength switching time is measured for this current tuning. The setup of measuring system is shown in Fig. 4 . The output laser is divided into two equal-intensity beams and then combined to form an interference signal by a Mach-Zehnder interferometer (MZI) with two arms having almost the same length. The signal is detected by a photo-detector and put into an oscilloscope with a high real-time sampling rate. The variation of the wavelength will lead a variation of the detected light intensity. By observation this variation on the oscilloscope, the wavelength switching time can be determined when the steady-state is reached. LD3 shows a tuning range of 3.4 nm, with a slope of 0.0243 nm/mA. The output laser of this tunable laser has a good single mode property, and during the whole tuning range, the SMSRs of all output lasers are above 35 dB, as shown in Fig. 5(b) .
Results
The same tests on this laser are carried at controlled stage temperatures of 20°C, 25°C, and 40°C, which are realized by a TEC controlling system. The results are shown in Fig. 6 . The wavelength is red-shift with the increased temperature of the TEC, as well as the increased injections (see Table 1 ). In addition, the tuning slope is about 0.024-0.031 nm/mA.
For DFB semiconductor lasers have a typical thermal-caused wavelength-shift coefficient of 0.1 nm/°C, this test results imply that by varying driving current of the lasers, the internal temperature of laser has a variation of about 36°C. The major cause of this dramatic heating effect is due to the unideal thermal contact. In these tests, the laser chip is placed on a copper stage, but not being bonded by soldering. Therefore, the thermal conductivity is less than the common soldering contact and this leads a more significant heating effect. Such imperfect thermal contact can be realized by using conductive adhesive, or bonding the chip on a thin film electrode coated on thermal insulate material instead of a bulk metal heat sink. Another important result is during the whole current tuning range, the side mode suppressing ratio maintains above 35 dB. This proven the current tuning is a feasible method for an in-line structure tunable laser. Fig. 7(a) shows the wavelength tuning of 26 channels with 50 GHz spacing, and the SMSR of each channel, respectively. The output power of each channel in this current-tuned, in-line tunable laser can be adjusted to a similar level via changing the driving current of the integrated SOA, and the measured output power is around −3.05 dBm, which is shown in Fig. 7(b) . Considering the coupling loss in the measuring, which is about 70% in our test, the real output power is about 1.7 mW. The switch time is about 10-15 ms in the current-increasing situations and about 20-30 ms in the current-decreasing situation, respectively. Typical results are shown in Fig. 8(a) , with the driving current increasing from 50 mA to 120 mA and Fig. 8(b) , with the driving current decreasing from 120 mA to 50 mA. The switching time is not fast because of a slow heat dissipation caused by low thermal conductivity. However, this tens-milliseconds switching time is much shorter than TEC tuning and can meet the requirements of many practical applications in optical networks.
Conclusion
The tuning mechanism of using injection current is first investigated in in-line MLA-based tunable laser fabricated by REC technique and the switch times are measured. The tuning operations are tested under an uncontrolled room-temperature environment, as well as controlled environment at the temperature of 20°C, 25°C, and 40°C. It covers a 10-12 nm continuous wavelength tuning range, and large tuning slope coefficients between 0.024 and 0.031 nm/mA are obtained in the tests. It has shown that through controlling the thermal conductivity, the laser wavelength can be tuned significantly by injection current and the tuning speed is much faster than the method of changing temperature by TEC. Moreover, it may open a way to realize uncool tunable laser in the future, leading more compact, lower power consumption, and lower cost tunable laser.
